Abstract Retinal diseases are significant by increasing problem in every part of the world. While excellent treatment has emerged for various retinal diseases, treatment for early disease is lacking due to an incomplete understanding of all molecular events. With aging, there is a striking accumulation of neutral lipids in Bruch's membrane. These neutral lipids leads to the creation of a lipid wall at the same locations where drusen and basal linear deposit, pathognomonic lesions of Age-related macular degeneration, subsequently form. High lipid levels are also known to cause endothelial dysfunction, an important factor in the pathogenesis of Diabetic Retinopathy. Various studies suggest that 20 % of Retinal Vascular Occlusion is connected to hyperlipidemia. Biochemical studies have implicated mutation in gene encoding ABCA4, a lipid transporter in pathogenesis of Stargardt disease. This article reviews how systemic and local production of lipids might contribute to the pathogenesis of above retinal disorders.
Introduction
The retina is a complex neurosensory tissue comprised of at least six neuronal cell types that are organized into distinct cell layers, in addition to glia (e.g., Müller cells) and astrocytes. So far as lipids are concerned, interest in the structures and function of the retina may extend into two directions; first the retina may be regarded as an organ for photoreceptor probably depending on lipid-soluble pigments, and secondly as a mechanism for neuronal transmission and integration, since it represents an outlying portion of the brain and like the latter, contains large amount of lipid both in its nerve fibers and in its synaptic connections.
Recent studies of lipids and lipid metabolism in the retina have focused on disease processes caused by either an over-abundance or, in some instances, a deficiency of specific lipid species within retinal cells or their surrounding extracellular environment, often resulting in toxic insult to these cells and ensuing retinal dysfunction, cell death, and progressive retinal degeneration [1] .
In this paper, we will explore the various aspects of how lipids might contribute to the pathogenesis of retinal vascular disease like Diabetic Retinopathy, Retinal Vascular Occlusion (RVOs) and macular disorders like AMD (agerelated macular degeneration) and Stargardt disease.
Lipids and AMD
With chronological aging, Bruch's membrane (BrM) thickens and develops heterogeneous deposits called basal deposits. The location and composition of basal deposits help to distinguish aging from AMD changes. The earliest age-related deposits are seen within the outer collagenous layer, and occur as early as 19 years of age [2] . Deposits between the RPE cell and its basement membrane, known as basal laminar deposits or BlamD (Fig. 1) , are also an age-related change when thin and homogeneous in composition. When BlamDs thicken and accumulate heterogeneous debris, ''long spacing collagen,'' lipoproteins, and inflammatory proteins, they are associated histopathologically with AMD. When deposits accumulate within the inner collagenous layer, they are designated as basal linear deposits, or BlinDs ( Fig. 1) , one of the strongest histopathological markers for AMD. When sufficient debris, including lipid, accumulates within BlinD to form a mound, it can be seen clinically as large drusen ([125 lm) [3, 4] .
Lipid particles accumulate within Bruch's membrane in the exact location and prior to the development of basal deposits or drusen. Sarks et al. [5] first described these lipid particles as membranous debris within BrM, basal deposits, and drusen within the macula. The presence of membranous debris seen on histopathological examination corresponds to large drusen and severe RPE pigmentary changes in the central macula that are seen on clinical examination [5] [6] [7] [8] [9] . The Curcio lab has found that much of the membranous debris is actually lipoprotein particles [6] .
Recent studies have shown that the lipoprotein particles within Bruch's membrane are distinct from plasma lipoproteins and have been found to contain free and esterified cholesterol [10] , phosphatidylcholine (PC), and apolipoprotein B100 [11] . Curcio et al. found that esterified cholesterol comprised 60 % of total cholesterol within these lipoproteins, and esterified cholesterol was sevenfold higher in the macula than periphery [12] . Drusen contains neutral lipids, with long chain fatty acid cholesteryl esters and nonesterified cholesterol. Drusen also contains at least 29 different proteins, including apolipoproteins (e.g., apoE, apoB) [13, 14] . These components suggest that the innate immune response is involved in drusen formation.
Accumulation of lipoprotein particles in the inner collagenous layer with aging, and their presence within drusen, basal laminar, and linear deposits suggests that their deposition is a critical antecedent event in the formation of these histopathological markers of AMD. AMD lesion formation has thus been conceptualized as sharing mechanisms with atherosclerotic plaque formation ( Fig. 1) where LDL retention within the arterial wall initiates a cascade of pathologic events called the ''response to retention'' hypothesis [15] . In atherosclerosis, apolipoprotein B100 lipoproteins become trapped and then oxidatively modified. These modifications stimulate different biological processes including innate immune system-mediated inflammation, which induces a cascade of pathologic events that culminate in atherosclerotic plaques [16] . In AMD, the following evidence supports the ''response to retention'' hypothesis: (1) apoB100-containing lipoproteins accumulate in BrM in the same location as basal deposits and drusen, (2) oxidatively modified proteins and lipids are present in BrM; and (3) the accumulation of inflammatory mediators within drusen and basal deposits indicates a role for the innate immune response [17] .
To date, epidemiological studies on the association between serum lipid and AMD risk have been inconsistent [18] [19] [20] [21] [22] [23] [24] [25] [26] . Part of this variability may have resulted from reporting different forms and stages of AMD with different lipid profiles. For example, several studies have not found an association between serum lipid profile and AMD risk [18, 20, 23] . Elevated HDL but not total cholesterol was associated with an increased risk of AMD in a study by Van Leeuwen et al. [18] Non neovascular AMD was unrelated to cholesterol level in a study by Hyman et al. [20] No difference in total cholesterol, triglycerides, phospholipids, HDL, LDL concentrations were observed between AMD patients and controls in the study by Abalain et al. [23] , and there was no significant difference in the concentration of the Lipoprotein(a) between the AMD and control groups in the work by Nowak et al. [24] .
Some correlations between serum lipid and AMD have been made when investigators have looked specifically at high-density lipoproteins. Again, the results have been conflicting. The Rotterdam [18] and Pathologies Oculaires Liees al'Age [27] studies found an association between AMD risk and HDL-C. When separating by disease type, Klein et al. [19] showed that higher serum HDL-C at baseline was associated with pure geographic atrophy or advanced non-neovascular AMD, while Hyman et al. [20] revealed a positive association between HDL level and neovascular, but not non-neovascular AMD and dietary cholesterol level.
On the other hand, different studies have found an inverse correlation with HDL and AMD risk. Reynolds et al. [28] demonstrated that elevated HDL is associated with a reduced risk of advanced AMD, especially the neovascular (NV) subtype and that higher low density lipoprotein (LDL) is associated with increased risk of advanced AMD and the NV subtype. Higher total cholesterol was also associated with AMD risk when controlling for all covariates and genotypes.
These findings were compatible to findings in previous large studies, such as the Blue Mountain Eye Study (BRMES), a population based cohort study, and the Eye Disease Case Control Study (EDCCS). The BRMES found that increased HDL cholesterol was inversely related to incident late AMD. Elevated total/HDL cholesterol ratio predicted late AMD and geographic atrophy [29] . The EDCCS also reported a statistically significant fourfold increased risk of exudative AMD with the highest serum cholesterol levels [25] .
The association between the use of cholesterol-lowering medications, including statins, and AMD has also been intensively studied, but results are inconsistent [30] [31] [32] [33] [34] [35] [36] [37] . The Rotterdam and several other studies did not find a relationship between cholesterol-lowering medication [30] [31] [32] including statins [33] and risk of AMD. McGwin Jr. et al. [34] evaluated the association between the use of cholesterol-lowering medications and AMD in the Atherosclerosis Risk in Communities (ARIC) study, a large, prospective, population-based cohort study conducted in four communities across the United States. The large sample size in this study was a strength over previous research on statins and AMD risk. Adjusting for the confounding influence of age, gender, and race, the authors found a significant relationship between AMD and use of cholesterol-lowering medications.
Lipids and Diabetic Retinopathy
Dysfunction of the vascular endothelium is regarded as an important factor in the pathogenesis of diabetic vascular complications and high lipid levels are known to cause endothelial dysfunction due to a reduced bioavailability of nitric oxide. It was also reported that the peroxidation of lipids in lipoproteins in the vascular wall leads to local production of reactive carbonyl species that mediate recruitment of macrophages, cellular activation and proliferation, and also chemical modification of vascular proteins by advanced lipoxidation end products which affect both the structure and function of the vascular wall [38] . Consequently, it was proposed that, hyperlipidemia might contribute to Diabetic Retinopathy and Macular Edema by endothelial dysfunction and breakdown of the blood retinal barrier leading to exudation of serum lipids and lipoproteins [39] .
However, there are conflicting reports in the literature regarding the effect of lipid profile on retinopathy or maculopathy. In ETDRS report, Chew et al. [40] stated that patients with high total cholesterol and LDL levels were more likely to have retinal hard exudates compared to patients with normal lipid profile. Moreover, patients with elevated serum total cholesterol, LDL, or triglyceride levels that did not have retinal hard exudate initially, were at increased risk of developing retinal hard exudate during follow up. Other studies showed that retinal exudates or ME was associated either with LDL or total cholesterol, or both [41] [42] [43] . In another study, it was reported that lipid profile was not associated with retinal thickness, mild or moderate DME but only clinically significant ME [39] .
In the Chennai Urban Rural Epidemiology Study, Rema et al. [41] showed that mean cholesterol, triglyceride and non HDL levels were higher in patients with DR compared to those without DR. However, only triglycerides were independently associated with [41] . Similarly, Ebeling and Koivisto reported that duration, age, and triglyceride level explained nearly half of the variation in the severity of retinopathy [44] . Significant associations between DR and total cholesterol was found in patients in Sweden [45] .
On the contrary, Ozer et al. [46] could not show a correlation between serum lipid levels and macular edema in diabetic patients. Similarly, Hove et al. [47] reported no significant association between DR, triglycerides, HDL and total cholesterol in diabetic population in Denmark. Miljanovic et al. [48] reported no lipid profile association with progression of DR or with PDR. In another study, there was Ind J Clin Biochem (Jan-Mar 2017) 32(1): 3-8 5 no association between DR and lipid profile, however, clinically significant ME was found to be associated with serum lipids [39] . Moreover, Singapore Malay Eye study showed that higher cholesterol levels were protective of any retinopathy [49] . Recent data from the Fenofibrate Intervention and Event Lowering in Diabetes (FIELD) Study indicated that fenofibrate, a lipid-altering medication, reduced diabetic retinopathy progression and the need for laser treatment in type 2 diabetes [50] . This benefit was unrelated to serum lipid levels, with unclear underlying mechanisms.
It was speculated that serum lipids may have a strong influence only in the severe forms of diabetic microvascular disease. They may not cause direct injury to the endothelium but are rather involved in the pathogenesis of DME only via exudation of lipids through damaged retinal vasculature, which occurs at a later stage. Thus, it was suggested that serum lipids are involved in the later, more severe stages than in earlier stages; as an explanation to the discrepancies among the findings of the studies [39] .
Another cause of discrepancy might be ethnicity at least in part. Significant differences in the prevalence of DR and DME between different ethnic groups was reported [51] . Although all ethnic groups are susceptible to the established risk factors of DR such as duration the disease, severity of hyperglycemia and hypertension, ethnicity specific risk factors also may have an effect. Such risk factors may include differential susceptibility to conventional risk factors, insulin resistance, truncal obesity and genetic susceptibility [52] . It may be hypothesized that serum lipid levels may also affect such different populations at a different level, however, this should be supported by further studies.
Lipids and RVOs
Retinal vein occlusion (RVO) is the second most common retinal vascular disease after diabetic retinopathy. Its pathogenesis is still not completely understood. The condition may be due to a combination of three systemic changes known as Virchow's triad: (1) hemodynamic changes (venous stasis), (2) degenerative changes of the vessel wall, and (3) blood hypercoagulability [53] . LDL cholesterol, which, like serum globulins and total proteins, clearly contribute to the plasma viscosity. If LDL is increased it may predispose to a hyperviscosity syndrome.
Various studies suggest that 48 % of RVO is connected to hypertension (HTN), 20 % to Hyperlipidemia (HLD), and 5 % to DM [54] . The Diabetes Control and Complications Study (DCCT) and Blue Mountains Study also reported that HTN, HLD, arteriosclerosis, and DM are risk factors for RVO [55, 56] . Schmidt on small sample of patients with RVO in combination with retinal artery occlusion (RAO) described a variety of systemic risk factors. Systemic risk factors were present in 11 out of 14 subjects (mainly HTN 89, HLD 39, and chronic smoking 39) [57] .
Lipids and Stargardt Disease
Autosomal recessive Stargardt disease, the most common macular dystrophy, is caused by mutations in the gene encoding ABCA4, a photoreceptor ATP binding cassette (ABC) transporter. Biochemical studies [58] together with analysis of ABCA4 knockout mice and Stargardt patients have implicated ABCA4 as a lipid transporter that facilitates the removal of potentially toxic retinal compounds from photoreceptors following photo excitation. An autosomal dominant form of Stargardt disease also known as Stargardt like dystrophy is caused by mutations in a gene encoding ELOVL4, an enzyme that catalyzes the elongation of very long chain fatty acids in photoreceptors and other tissues.
Conclusion
The retina is indeed a unique and enigmatic tissue. Although exquisitely organized for the reception of light, the retina may by damaged easily be exposure to light. The outer segment membranes of the photoreceptor cells contain extremely high levels of polyunsaturated fatty acids, yet these constituents are also extremely labile to oxidation. The retina has the highest consumption of oxygen by weight of any tissue and also maintains a prodigious oxygen tension, yet oxygen may be very toxic to the retina. Although the retina possesses certain antioxidant components (e.g. vitamin E, superoxide dismutase, selenium), the levels of glutathione peroxidase and catalase (enzymes which destroy hydrogen peroxide) are relatively low in this tissue [59] .
Till date, epidemiologic, molecular & cell biology, and genetic studies have not clearly explained the role of lipids and lipoproteins in various retinal disorders. The contribution of the individual retinal cell types to the overall metabolism of lipids in the retina has not been examined in sufficient detail. Autoradiographic analyses coupled with biochemical techniques should prove extremely useful in such studies. Use of isolated cell preparations for various biochemical studies may be of particular advantage in furthering our knowledge in these areas.
As previously mentioned accumulation of lipoprotein particles in Bruchs' membrane and their presence within drusen suggests that their deposition is a critical antecedent event in AMD. However, to date studies on the association between serum lipid and AMD risk have been inconsistent. Some correlations between HDL and AMD have been made. Again, the results have been conflicting. It was reported that the peroxidation of lipids in lipoproteins in the vascular wall affect both the structure and function of the blood vessels, which is regarded as an important factor in the pathogenesis of DR. However, there are conflicting reports in the literature regarding the effect of lipid profile on DR. It may be hypothesized that serum lipid levels may affect different populations at a different level, however, this should be supported by further studies. DCCT and Blue Mountains Study reported that hyperlipidemia is a risk factor for RVO. But again no study was able to find correlation between type of lipid and RVO.
It is now necessary for the epidemiologists, and molecular & cellular biologists to work together to figure how lipids influence the pathophysiology of various retinal disorders. It is hoped that greater understanding of the molecular biology will help us to develop multiple treatment targets for the benefit of patients.
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